The aim of the present study was to evaluate the potential of oils from agricultural residues, such as Mangifera indica L. (mango) and Carica papaya (papaya) from the Papaloapan region, Mexico, as a carbon source for the production of hydrocarbon-degrading (hydrocarbonoclastic) microorganisms in an airlift bioreactor via a common metabolic pathway for hydrocarbons and fatty acids. Biomass growth and carbon source uptake were measured using optical density and gas chromatography, respectively. Gompertz, logistic, and Von Bertalanffy mathematical models were used to obtain kinetic parameters such as the lag phase, maximum specific growth, and consumption rate. The hydrocarbonoclastic consortium was able to grow using papaya (6.09 ± 0.23 g L −1 ) and mango (2.59 ± 0.30 g L −1 ) oils, which contain certain antibacterial fatty acids. Differences observed in maximum specific growth and consumption rates indicate that, although mango oil was consumed faster (0.33 day −1 for mango and 0.25 day −1 for papaya), papaya oil provided a higher rate of biomass production per microorganism (0.24 day −1 for mango and 0.44 day −1 for papaya). Additionally, the consortium was able to consume 13 g L −1 diesel as a sole carbon source and improve its maximum specific consumption rate following growth using the oils. Furthermore, the maximum specific growth rate was decreased, indicating a change in the consortium capabilities. Nevertheless, agricultural waste oils from the Papaloapan region can be used to cultivate hydrocarbonoclastic microorganisms. The present study creates the possibility of investigating carbon sources other than hydrocarbons for the production of hydrocarbonoclastic microorganisms.
Introduction
Hydrocarbon pollution affects several regions of the planet and has significant negative effects on both the health of humans and ecosystems, causing incalculable damage to the environment (Abha and Swaranjit 2012; Lin and Mendelssohn 2012; White et al. 2012) ; however, hydrocarbon production and utilisation continue for economic reasons (Soto-Oñate and Caballero 2017) .
To remediate hydrocarbon pollution, a large variety of methods and techniques have been developed including but not limited to, excavation, landfill, soil washing, steam stripping, stabilisation and solidification, chemical precipitation, incineration, and vitrification. However, many of these treatments do not eliminate hydrocarbons, but instead transfer them from one place to another, while also producing other toxic compounds (Lizardi-Jiménez et al. 2013; Rhodes 2014) . A well-studied alternative without these disadvantages is the use of bioremediation, in which microbial biomass is used to consume hydrocarbons (Lizardi-Jiménez et al. 2013; Nápoles-Álvarez et al. 2017; Rhodes 2014; Thapa et al. 2012; Tzintzun-Camacho et al. 2012) . However, there have been limited studies focussing on substances 1 3 43 Page 2 of 8 that can be used as a carbon source in inoculum production, since hydrocarbons, like n-alkanes or motor oil, are classically used for hydrocarbon-degrading (hydrocarbonoclastic) inoculum production (Kadri et al. 2018) due to the belief that this kind of microorganism requires the presence of hydrocarbons (Santisi et al. 2015) . On the other hand, it has been previously noted that agricultural residues could be a promising carbon source for diverse purposes, such as biosurfactant production, due to their low cost and rich content of carbohydrates and lipids (Ehrhardt et al. 2015; Heller et al. 2015; Huang et al. 2013) .
In Mexico, the Papaloapan region has a wide variety of agricultural residues including Mangifera indica L. (mango) and Carica papaya (papaya), fruits with a high fatty acid content in their seeds, from C16 to C20 for mango and from C14 to C22 for papaya (Anwar et al. 2018; Malacrida et al. 2011; Tapia-Santos et al. 2013) , of which significant waste has been reported (Food and Agriculture Organisation 2015; Secretaría de Agricultura, Ganadería, Desarrollo Rural and Pesca y Alimentación 2018). The use of agricultural residues as a carbon source for hydrocarbonoclastic microorganism production has not yet been explored (Abarca-Guerrero et al. 2013; Miezah et al. 2015) due to limited information regarding hydrocarbon degradation parameters and microbial biomass production, in addition to the widely reported antibacterial activity of fatty acids (Desbois and Smith 2010; Yoon et al. 2018 ). However, both hydrocarbons and fatty acids share β-oxidation as a catabolic pathway; thus, it is possible that the enzymes and genes involved in the degradation and tolerance of hydrocarbons could also be effective for fatty acid degradation (Abbasian et al. 2015) . The aim of the present study was to evaluate the agricultural residues of Mangifera indica L. and Carica papaya in the production of hydrocarbon-degrading (hydrocarbonoclastic) microorganisms. In addition, the use of mathematical microbial growth models (Gompertz, logistic, and Von Bertalanffy) was explored to obtain the biological parameters needed to explain biomass production and carbon source consumption.
Methods

Agricultural residue collection
Mango residues were collected from the locality of Ojochal, Veracruz, Mexico, at the coordinates of 18°43′18.0″N, 96°02′42.0″W. Papaya residues were collected from the El Jícaro community, Veracruz, Mexico, at the coordinates of 18°31′08.2″N, 96°15′24.0″W.
Oil extraction from agricultural residues
To extract oil from the agricultural residues, the seeds from both the mango and papaya residues were manually extracted, washed, dried in an oven (9053A, ECOSHEL, USA) at 55 °C for 15 h, and powdered to a particle size of 355 µm using a hammer mill (Series 2000, Crompton Controls, UK) and a sieve (1132-1-B, Pascal Engineering, USA). Extraction of the oil from the agricultural residues was performed using a Soxhlet extractor and a modified technique (Malacrida et al. 2011) . In brief, 20 g sample was placed in each thimble and a volume of 250 mL reactive grade hexane was used as a solvent, which was recovered following each extraction. The oil samples obtained from the extractions were placed at 65 °C for 2 h to eliminate trace solvent. The amount of fatty acids was determined by the weight difference. The percentage yield was calculated by dividing the mass of the oil by the mass of the sample and multiplying by 100, taking into account the average amount of oil obtained for each gram of sample used in the extraction.
Microbial consortium culture
A hydrocarbon-degrading (hydrocarbonoclastic) consortium was established, and identified by molecular biology as described elsewhere (Tzintzun-Camacho et al. 2012) . It was composed of four bacterial species including Xanthomonas sp., Acinetobacter bouvetii, Shewanella sp., and Aquamicrobium lusatiense. The consortium was cultivated in consecutive batches for 12 days using seawater as the medium, 13 g L −1 diesel as the carbon source, and NaNO 3 as the nitrogen source; with a maintained carbon to nitrogen ratio of 5.04 (C/N = 5.04). The pH was adjusted to 6.5 using 1.0 M HCl, and the aeration and temperature remained constant at 0.575 cm s −1 and 28 °C, respectively.
Bioreactor cycles
The consortium was cultivated in a 1-L airlift bioreactor (ALB) with a height of 0.27 m and a diameter of 0.06 m.
The draft tube had a height of 0.35 m and a diameter of 0.10 m and was located 1.36 × 10 −2 m above the bottom. Air was supplied through an L-shaped air diffuser (7 orifices, each with a diameter of 1 × 10 −3 m) with an overall internal diameter of 6.35 × 10 −3 m. Three cycles (of batch culture) were carried out for each agricultural residue oil ( initial inoculum. For the second cycle, the same amount of inoculum was taken and washed with a physiological solution of 0.9% NaCl (wt/wt) from the previous ALB and moved to another ALB, with 13 g L −1 agricultural residue oil as the only carbon source. For the third cycle, inoculum was taken and washed from the previous ALB and moved to another ALB with 13 g L −1 diesel as the only carbon source. All other conditions remained the same as described in "Microbial consortium culture".
Analytical techniques
Biomass growth was followed by optical density determination of both suspended solids. A sample (10 mL) of the mixed culture from the ALB was centrifuged (Centrificient VI, CRM Globe, USA) at 4000×g for 30 min at 4 °C. Three phases formed: hydrocarbon, aqueous, and solid. For determination of the optical density, the solid phase, including the hydrocarbonoclastic consortium, was washed and suspended in a physiological solution of 0.9% NaCl (wt/wt) and read at 600 nm (Genesys UV-Vis 10 S, Thermo Scientific, USA) using a previously established calibration curve. The residual carbon source was determined using gas chromatography (Trace 1310-TRIPLUS, Thermo Scientific, USA) as previously described (LizardiJiménez et al. 2013) . All experiments were performed in triplicate.
Biomass characterisation
The growth yield (Y X/S ) was calculated from the biomass growth and substrate uptake following each experiment.
Mathematical analysis
The reparameterised Gompertz (Eq. 1), logistic (Eq. 2), and Von Bertalanffy (Eq. 3) models for microbial growth (Von Bertalanffy 1938; Zwietering et al. 1990 ) were used. These models are based on the logarithm of the relative population size [y = ln(N/N 0 )], which allows mathematical parameters with biological meaning, such as maximum specific growth rate (µ m ), lag time (λ), and inflection time (ti) as a function of time (t) to be calculated (Eqs. 4-6, respectively).
To obtain the values for a, b, and c, the models were introduced to the mathematical software Matlab (R2017b, student license), and the curve-fitting toolbox with the Levenberg-Marquardt algorithm was used. Additionally, to choose which model best represented each experimental dataset, the coefficient of determination (R 2 ) was calculated.
Results and discussion
Agricultural residue oil extraction
In the present study, the extraction of oils from the agricultural residues yielded a percentage weight of 27.76 ± 4.17% for papaya oil and 8.25 ± 1.243% for mango oil. Using similar extraction methods, these results are similar to those previously reported (Malacrida et al. 2011; Puangsri et al. 2004; Tapia-Santos et al. 2013 ).
Evaluation of mango and papaya oils as a carbon source
Using both mango and papaya oil as a carbon source, biomass was produced in conjunction with detectable carbon source uptake. This uptake could be due to the similarity of the chemical structure between hydrocarbons and fatty acids, which are equally metabolised by the β-oxidation pathway (Abbasian et al. 2015) . Specifically, when mango oil was used (Fig. 2) , the biomass reached 2.59 ± 0.30 g L −1 with a final residual oil of 0.20 ± 0.09 g L −1 , whereas when papaya oil was used (Fig. 3) , the biomass reached 6.09 ± 0.23 g L −1 and the final residual oil was 0.76 ± 0.06 g L −1 . Thus, the yield of biomass in grams per gram of oil (g biomass g oil −1 ) was 0.14 ± 0.03 and 0.42 ± 0.02 for mango and papaya, respectively.
It is interesting to highlight that in the case of mango oil, the majority of the carbon source was consumed in the first 2 days, however, no biomass increment was observed, which could indicate that the main destiny of the carbon source was not biomass but another metabolite such as bio-surfactant, as has been previously reported with Acinetobacter and other bacteria of the same consortium used in this work (Dutta et al. 2018; Kapello 2017; Ortega-de la Rosa et al. 2018) . The biomass behaviour with mango oil (32.3% C18:0; 45.6% C18:1; 5.8% C18:2) was in contrast with that with papaya oil (3.13% C18:0; 47.73% C18:1; 37.25% C18:2), which could be explained by the different compositions with respect to the structure of the oils (Anwar et al. 2018; Malacrida et al. 2011; Tapia-Santos et al. 2013 ), which will provide distinctive properties to the bio-surfactant produced (for instance, the concentration or potential to reduce surface tension), depending on the carbon length and structure of the fatty acids (Liu et al. 2015) .
The Gompertz, logistic, and Von Bertalanffy models were fitted to the experimental data with the coefficient of determination (R 2 ) calculated for all models (Table 1) . The model that showed the best fit for biomass production using papaya oil and for the uptake of both oils was the Gompertz model, while the best fit model for biomass production using mango oil was the logistic model. Biological parameters such as growth rate (µ m ,), lag time (λ), and inflection time (ti) were calculated using the best fit model in each case (Table 2) .
Papaya oil was found to have a longer µ m of 0.44 day −1 as compared with mango oil, which had a µ m of 0.24 day −1 . However, the maximum specific uptake rate (Q m ) was found to be lower for papaya oil, at 0.25 day −1 , as compared with mango at 0.33 day −1 . The differences observed in the maximum specific rate indicate that although mango oil was consumed faster, papaya oil provided a higher rate of biomass production per microorganism. This can be observed by the higher yield of biomass using papaya oil (0.42 ± 0.02 g biomass g oil −1 ) as compared with that obtained when mango oil was used as the carbon source (0.14 ± 0.03 g biomass g oil −1 ). The greater variety and amount of fatty acids present in papaya oil as compared with mango oil, such as heptadecanoic (17:0), eicosenoic (20:1), and docosanoic acids (22:0), could indicate a greater amount of carbon available for biomass production, which may explain why the biomass was higher when papaya oil was used as the carbon source (Malacrida et al. 2011; Tapia-Santos et al. 2013 ).
The results show that both mango and papaya oil can be used to produce hydrocarbonoclastic microorganisms. However, the specific uptake rate could be altered when used in combination with different hydrocarbon sources due to the low complexity seen in the structure of agricultural oils as compared with that of some hydrocarbons such as diesel (Malacrida et al. 2011; Tapia-Santos et al. 2013 ).
Evaluation of the change in hydrocarbonoclastic capacity
In the present study, diesel was used as a carbon source prior to (Fig. 4) and following the use of mango and papaya oils (Figs. 5, 6 , respectively). Again, mathematical models were fitted to the experimental data and biological parameters were obtained (Tables 1, 2) .
It was found that the Q m value obtained during diesel uptake by microorganisms grown with mango oil (0.79 day −1 ) and papaya oil (0.77 day −1 ) were higher as compared with that obtained prior to the use of the oils (0.59 day −1 ). Furthermore, a decrease in ti values (from 3.92 to 3.61 days) shows an increase in diesel uptake velocity. Despite these differences, the λ value for diesel uptake ) and an increase in the λ (from 0.01 to 0.20 and 0.06 days) and ti values (from 0.96 to 1.38 and 1.42 days) following consumption of the oils, as shown in Table 2 , which indicates a decrease in biomass production capacity of the microorganisms. This could be due to the consumed carbon being used for the production of a metabolite such as a bio-surfactant or bio-emulsifier, which are considered classical metabolites produced in this kind of system (Thapa et al. 2012; Ehrhardt et al. 2015) and have been observed in other studies using hydrocarbons as a carbon source and the same consortium as used here (Dutta et al. 2018; Ortega-de la Rosa et al. 2018) . In fact, the increment in the λ value for both consumption and biomass production (increased time in the lag phase), despite the increment in Q m and ti values (improved diesel consumption), shows numerical evidence to support the hypothesis of the consortium using the consumed diesel as a carbon source to produce metabolites such as bio-surfactants to improve its diesel uptake capacity.
The average yield of diesel consumption was found to be 0.28 ± 0.00 g biomass g oil −1 prior to mango and papaya oil consumption, and 0.22 ± 0.03 g biomass g oil −1 following oil consumption. The yields are lower than those previously reported using the same consortium (0.58 ± 0.09); however, hexadecane as a carbon source and variable aeration were previously used (Lizardi-Jiménez et al. 2012) . Furthermore, in the present study, seawater was used as a medium, despite it being reported to have negative effects on the growth potential (Nápoles-Álvarez et al. 2017 ).
Conclusions
In conclusion, this consortium was able to increase its biomass with 13 g L −1 papaya (6.09 ± 0.23 g L −1 ) and mango (2.59 ± 0.30 g L −1
) oil, while degrading almost all the hydrocarbon content in the seawater medium (0.10 ± 0.06 g L −1 ). Therefore, papaya and mango agricultural residues can be used as carbon sources to grow hydrocarbonoclastic microorganisms. Furthermore, the maximum specific consumption rate of hydrocarbons appeared to be improved by the consumption of mango (from 0.59 to 0.79 day −1 ) and papaya (from 0.59 to 0.77 day −1 ) oils, although the maximum specific growth rate appeared to decrease (from 0.63 to 0.43 and 0.45 day −1 ). Therefore, the degradation of diesel appears to be improved at the cost of biomass production capacity; however, further investigation into the long-term effects on hydrocarbonoclastic microorganisms by the use of agricultural residues as a carbon source is required.
